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ABSTRACT 
Systemicity of agrochemicals is an advantageous property for controlling phloem 
sucking insects, as well as pathogens and pests not accessible to contact products. After the 
penetration of the cuticle, the plasma membrane constitutes the main barrier to the entry of an 
agrochemical into the sap flow. The current strategy for developing systemic agrochemicals is 
to optimize the physicochemical properties of the molecules so that they can cross the plasma 
membrane by simple diffusion or ion trapping mechanisms. The main problem with current 
systemic compounds is that they move everywhere within the plant, and this non-controlled 
mobility results in the contamination of the plant parts consumed by vertebrates and 
pollinators. To achieve the site-targeted distribution of agrochemicals, a carrier-mediated 
propesticide strategy is proposed in this review. After conjugating a non-systemic 
agrochemical with a nutrient (α-amino acids or sugars), the resulting conjugate may be 
actively transported across the plasma membrane by nutrient-specific carriers. By applying 
this strategy, non-systemic active ingredients are expected to be delivered into the target 
organs of young plants, thus avoiding or minimizing subsequent undesirable redistribution. 
The development of this innovative strategy presents many challenges, but opens up a wide 
range of exciting possibilities. 
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1 INTRODUCTION 
Uptake, translocation, and distribution of agrochemicals in plants play important roles in 
determining the biological activity, off-target toxicity, and side effects of those molecules.1, 2  
An active ingredient has to overcome a number of obstacles before reaching its site of action. 
Bioavailability of an agrochemical product can be defined as the fraction of the dose of active 
ingredient applied to the plant (aerial parts or root system) that reaches the target site to exert 
its biological action, and the rate at which the process takes place. When applied by foliar 
spraying, the first barrier that plant protection compounds must cross is the plant cuticle. This 
is a complex route due to the variability of the cuticular composition, which can depend on 
many parameters, such as species, stage of development, or certain environmental conditions. 
This subject has already been extensively discussed elsewhere and the reader will thus be able 
to refer to several reviews.2-4 
The plant plasma membrane is the second physical barrier to the absorption and 
distribution of agrochemicals. This lipid bilayer is a hydrophobic barrier that separates the 
cytoplasm (symplasm) from the cell wall and intercellular space (apoplasm) and therefore 
controls the exchange of information and substances between the cell and its environment. It 
is well known that systemic agrochemicals transported in plant vascular tissues must cross the 
cell plasma membrane at least once to enter the xylem and phloem conducting cells.         
Therefore, the mechanism of membrane permeation is a key factor for both the long-distance 
transport and distribution of agrochemicals in plants. Phloem mobile insecticides and 
fungicides have been proposed to be efficient in controlling piercing and sucking insects, 
especially if they attack the root system and the shoot, as well as root and vascular 
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pathogens.5-7 However, only a limited number of current insecticides and fungicides exhibit a 
high phloem systemicity, e.g., spirotetramat and fosetyl-Al. 
The movement of active ingredients from the site of application to the biochemical 
target can be significantly influenced by the systemicity of agrochemicals in plants. Many 
approaches have been employed to enhance the systemicity of agrochemicals in plants during 
both the discovery phase and the field use.3, 5-7 As our understanding of transmembrane 
transport mechanisms increases, we can begin to think about new strategies to improve the 
bioavailability of agrochemicals in plants. The vectorization of an agrochemical compound 
consists in modulating and controlling the distribution of an active ingredient within the plant 
by associating it with a vector. In the case of molecular vectorization which is discussed in 
this review, the vector group will be introduced into a biologically active compound and the 
resulting molecule will be a propesticide.8 Once the molecule reach the target, it will release 
the parent molecule by the action of various enzymes or by a chemical hydrolysis. 
In most cases, pesticides are transported across biological membranes through passive 
diffusion or ion-trapping mechanisms. In addition, it has been known for about three decades 
that some small agrochemical molecules are transported by plant plasma membrane 
transporters (Fig. 1).9 This indicates that the specificity of these transporters is not strictly           
limited to their physiological substrates, as is the case for drugs.10 In the pharmaceutical field, 
some transporters are widely acknowledged as important determinants of pharmacokinetics 
and, in many cases, are critical for the entry of certain drugs into target organs.11 Prodrug 
strategies have been developed to improve drugs absorption and distribution via specific 
membrane transporters.12  
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Historically, passive diffusion was believed to be the dominant route for agrochemical 
uptake and transport. Thus, the first approach taken to improve systemicity was through 
optimizing the physicochemical properties of active ingredient to increase passive membrane 
penetration.7 However, the carrier-mediated process, which has attracted considerable 
attention in pharmaceutical development, should not be ignored by agrochemical research. 
The carrier-mediated xenobiotic uptake approach may also provide a new method to design 
agrochemicals to achieve site-specific delivery by utilizing plant membrane transporters. In 
this review, we highlight the possible role of plant transporters in optimizing the systemicity 
of agrochemicals, and this can lead to a vectorization strategy to improve their bioavailability 
and possibly to minimize accumulation on the parts of the plants consumed by vertebrates and 
pollinators. 
This manuscript is divided into four major parts. (1) First, the successful prodrug 
strategies for enhancing the bioavailability of drugs via membrane transporters including 
peptide, amino acid and glucose transporters are briefly described. The same strategies can 
extend to agrochemical development to achieve site-targeted distribution. (2) Secondly, a brief 
overview of the carrier-mediated uptake of some systemic agrochemicals currently in use 
(fosetyl-Al, glyphosate, paraquat and 2,4-D) is given. (3) Thirdly, some attempts of carrier-
mediated propesticides that are recently designed to be translocated by plant sugar and amino 
acid transporters are reviewed. Long-distance transport and release of the active ingredient are 
also addressed in this part. (4) Finally, the advantages and disadvantages of carrier-mediated 
propesticide strategies are discussed and we propose possible applications of a carrier-
mediated strategy to develop phloem systemic pesticides and other types of agrochemicals. 
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2 Carrier-mediated prodrug strategy for enhancing 
bioavailability of agrochemicals 
Enhancing bioavailability of xenobiotic molecules is very important for both modern 
pharmaceuticals and agrochemicals, which are required to effectively translocate to sites of 
action while limiting side effects. The crucial role of membrane transporters in drug 
absorption, distribution, metabolism and elimination (ADME) has been widely recognized 
and their considerable pharmacological significance has been well described in several 
reviews.11, 13, 14 There are more than 400 membrane transporters belonging to two major 
superfamilies: the solute carrier (SLC) transporters and the ATP-binding cassette (ABC) 
transporters.13 The drug transporters that are expressed in various epithelial barriers have 
received greater attention, particularly in the epithelia of the intestine, liver, and kidney, as 
well as the endothelium of the blood-brain barrier (BBB).14, 15 
By utilizing some membrane transporters, a prodrug strategy (Fig. 2) has been 
developed to achieve drug targeting to specific organs.16, 17 In this case, a prodrug can be 
designed to conjugate with endogenous substrates, so that specific membrane transporters can 
recognize and transport the resulting prodrug molecules. There have been several successful 
developments in the pharmaceutical field, including peptide, amino acid and glucose 
transporters. For instance, the prodrug strategy targeted to the intestinal human peptide 
transporter 1 (PEPT1) has been applied to two antiviral drugs with low oral bioavailability, 
acyclovir and ganciclovir. In this example, the commercialized L-valyl ester prodrugs, 
valacyclovir and valganciclovir, are actively transported by PEPT1, which results in 
enhancement of the intestinal permeability of the parent drugs by 3- to 10-fold.18, 19 The L-
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type amino acid transporter 1 (LAT1), expressed in the apical and basolateral membranes of 
the cells in the BBB, is involved in the transport of neutral L-amino acids across the BBB.16 
Thus, LAT1 has been utilized as a prodrug carrier to deliver amino acid-drug conjugates into 
the brain, for example, L-lysine conjugate of ketoprofen.20 
The propesticide concept has been successfully applied in the design of agrochemicals 
for a long time.8 The catalogue of propesticides and their significance in improving biological 
activity and target selectivity have been comprehensively described in excellent recent 
reviews.8, 21, 22 Contributions of propesticides to improve bioavailability by enhancing plant or 
insect uptake are also acknowledged, which mainly focused on optimizing the 
physicochemical properties to improve water solubility and lipophilicity of the parent active 
ingredient.8, 23, 24 However, the design of a propesticide with greater bioavailability is still 
challenging and there is a lack of well-established strategies to achieve this. Prodrug 
approaches for enhancing the bioavailability of pharmaceutical drugs have set a good example 
for the agrochemical field. The same strategy may provide a new way for rational 
agrochemical design to increase the pesticide efficiency and reduce pesticide use. In 
particular, carrier-mediated processes could be a promising new approach to enhance the 
uptake of agrochemicals and improve their site-targeted distribution by utilizing plant 
membrane transporters.  
 
3 Carrier-mediated transport of agrochemicals in plants 
Plant plasma membrane transporters play a central role in the exchanges of information 
and substances between cells, organs and their environment. For instance, the transport of 
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ions, carbohydrates, amino acids, peptides, hormones, secondary metabolites and xenobiotics 
can be regulated by a great variety of plant transporters.25-27 Two major transport systems are 
involved in the selective permeability of organic compounds: directly energized primary 
active transport by plant ABC transporters26 and H+-gradient-dependent secondary transport 
systems via H+-symporters.27 However, the role of plant transporters in local and long-
distance transport of agrochemicals is still poorly studied. 
Over the last three decades, a few agrochemicals have been found to be transported by 
identified plant carrier systems (Fig. 1). Glyphosate, a widely used herbicide, is translocated 
to root and shoot growing tissues via phloem after foliar application.28 Carrier-mediated 
uptake of glyphosate at low concentration has been reported in leaf protoplasts of broad bean 
via a phosphate transporter.29 In maize and soybean cell suspensions, active uptake of 
glyphosate was inhibited by carbonyl cyanide m-chlorophenyl hydrazone (CCCP), 
orthovanadate, diethylstilbestrol (DES), phosphate, and phosphonoformic acid (PFA), 
suggesting that the glyphosate carrier is a phosphate transporter energized by the plant plasma 
membrane H+-ATPase.30 One possible glyphosate-resistance mechanism is the non-
recognition of the active uptake carrier system, because the inhibition of glyphosate-loading 
into the phloem was observed in some glyphosate-resistant weeds.31 Furthermore, a recent 
study shows that L-type amino acid transporters (LAT1/LAT2) play major roles in the uptake 
of glyphosate across mammalian epithelial tissues.32 Phosphite, the active metabolite of 
fosetyl-Al, is a highly ambimobile fungicide.33 This agrochemical which can also be used as a 
fertilizer and weedicide is translocated by both high- and low-affinity phosphate 
transporters.34 
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Two other herbicides, paraquat and 2,4-D, are transported by carrier-mediated 
processes. The uptake of paraquat into maize root cells and maize suspension cells was 
competitively inhibited by putrescine, indicating that a polyamine transporter is responsible 
for the uptake of paraquat.35 Two transporters involved in paraquat uptake by Arabidopsis 
tissues have been identified recently, namely polyamine transporter RMV1 (protein Resistant 
to Methyl Viologen 1), a member of the L-type amino acid transporter (LAT) family36 and 
AtPDR11 (Arabidopsis thaliana Pleiotropic Drug Resistance 11 transporter), a plasma 
membrane-localized ABC transporter, from the paraquat-tolerant mutant pqt24-1.37 The 
enhanced paraquat tolerance of pqt24-1 is due to loss of AtPDR11, which results in less 
accumulation of paraquat in plant cells. The uptake of the auxinic herbicide 2,4-D in maize 
root protoplasts occurs by two mechanisms, the ion-trap mechanism and active transport 
mediated by an auxin carrier.38 Moreover, the aromatic and neutral amino acid transporter 
ANT1 can also transport 2,4-D through the plasma membrane.39 
 
4 Carrier-mediated propesticide strategies for improving 
agrochemical systemicity 
Agrochemical systemicity can positively influence the biological performance of active 
ingredients. For example, ambimobile insecticides can be used to control hidden and soil 
living sucking pests after foliar application.40 The phloem movement of herbicides enables 
translocation to meristem tissues for control of weeds.41 Optimizing the physicochemical 
properties of active ingredients was considered an important way to improve diffusion 
through the plasma membrane and the systemicity of molecules in the discovery stage. 
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Passive diffusion can be estimated by the physicochemical properties of agrochemicals such 
as lipophilicity, charge, and molecular size. Several simple rule-based models and 
mathematical models have been developed to predict and assess the membrane permeability 
of agrochemicals in the early-stage of pesticide discovery. The first two models used to 
predict the systemicity of pesticides were by Bromilow42 and Kleier.23 These models can be 
applied for both nonionized and acidic compounds by the combination of acid dissociation 
constant (Ka) and 1-octanol-water partition coefficient (Kow). More recent models include 
additional parameters, especially the impact of the cuticle on pesticide uptake.43 In drug 
discovery, oral bioavailability or passive membrane permeability of drug candidates can be 
predicted using Lipinski’s rule of five (Ro5)44 and other simplified rules established by 
Veber.45 The same approach was adopted to profile agrochemicals for screening and 
optimization.46, 47 It should be noted that all those rule-based and mathematical models for 
passive diffusion are not applicable to active carrier-mediated molecules.47-49 Carrier-
mediated processes can be considered a promising new strategy to overcome membrane 
barriers via conjugation of a pesticide with a nutrient. 
It is well known for a long time that plant tissues synthesize many conjugates, such as 
hormone conjugates as mentionned before.50 For instance, indole-3-acetic acid (IAA) is stored 
in various protected forms, notably IAA-amino acid conjugates and IAA-sugar conjugates. 
The hydrolysis of most of these compounds during germination leads to release of free IAA. 
Using plant tissue cultures, it has been shown that synthetic IAA-amino acid conjugates can 
release auxin at different rates depending on their molecular structure.51 Over the last three 
decades, there have been several attempts to improve agrochemical systemicity or 
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translocation to the root system using carrier-mediated xenobiotic strategy, designing 
conjugates with amino acid or glucose promoieties. Two synthesized α-amino acid 
conjugates, lysine-2,4D (Lys-2,4D) and aspartic acid-triazolyl alcohol (Fig. 3, E6 ad E3 
respectively), were pioneering in this area.52 In contrast to natural IAA-amino acid conjugates 
where the carboxylic group of auxin is covalently bonded to the amine function of the 
nutrient, these two conjugates exhibit a free α-amino acid function. They markedly and 
specifically inhibited threonine uptake and phloem loading by leaf tissues, suggesting that 
both conjugates are recognized by amino acid transporters (Fig. 3).52 Further study using 
several derivatives of phenoxyalkanecarboxylic acid and L-lysine demonstrated that the plant 
amino acid carrier systems are able of recognizing and translocating a wide range of 
conjugates of various sizes, structures and Kow (Table 1).50 In the Ricinus system, the parent 
compounds were quickly released from these conjugates at various rates, except the 2,4-DB 
derivative E which remains undissociated (Fig. 4).53 Interestingly, the distribution study of the 
conjugate Lys-2,4D (MW = 349.21 Da) and 2,4-D on broad-bean shows that they were 
accumulated to significantly different extents in plant organs.9 During the first hours of long 
distance transport, the accumulation of Lys-2,4D in the root system is 5 to 10 times higher 
than that of 2,4-D after foliar application of the two compounds.9 Over time, Lys-2,4D 
progressively splits into 2,4-D and Lys, displaying 2,4-D herbicidal damage. Tryptophan and 
phenylalanine act as competitors for Lys-2,4D uptake, but not Lys or the other amino acids 
tested, suggesting that a specific amino acid transporter is involved in the preferential uptake 
of this conjugate.9  
Further studies provided evidence that the sugar and amino acid carrier systems of 
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plants are able to recognize and translocate conjugates dramatically larger than their natural 
substrates. Although no longer on the market, the fungicide fenpiclonil was chosen as a model 
molecule because its structure offers numerous possibilities to graft various functional groups. 
Conjugation of fenpiclonil with L-amino acids confered phloem mobility to this contact 
fungicide (Table 2).54, 55 The phloem systemicity of the resulting conjugates was governed by 
a stereospecific amino acid carrier system and the bioavailability was dependent on the spacer 
arm structure.54 While the acidic derivatives of fenpiclonil were only taken-up at pH values 
near 5.0, the amino acid conjugates exhibited phloem systemicity for the whole range of foliar 
apoplast pH values (5.0 to 6.5).55 In contrast, glucose-fenpiclonil conjugate (D-GFC) is hardly 
detectable in the Ricinus phloem sap (Table 2). Contrarily to the thiol reagent p-
chloromercuribenzene sulfonic acid (PCMBS) that binds to several intrinsic proteins, D-GFC 
specifically inhibits the activity of the sucrose carrier system involved in phloem loading in 
the Ricinus model and is therefore considered as a new tool in plant physiology. For instance, 
D-GFC allows the quantification of the two routes (apoplasmic and symplasmic) involved in 
the sucrose phloem loading in Ricinus seedlings after endosperm removal.56 
Carrier-mediated propesticide strategies were also successfully extended to insecticides 
to design guided pesticides.57 Glucose and amino acid promoieties were introduced into 
insecticides to develop phloem-targeted proinsecticides (Table 2). The resulting derivatives 
included glycinyl fipronil conjugate58, sugar-fipronil conjugates,59, 60 D-glucose-rotenone 
conjugates,61 glycinergic-fipronil conjugate,62 and amino acid-chlorantraniliprole 
conjugates.63 Despite their parent compounds lack of mobility in the phloem, several of the 
above mentioned insecticide conjugates had good phloem systemicity.,59, 63 The vacuolar 
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sequestration of sugar and glutathione conjugates via ABC transporters which occurs in planta 
during the final detoxification process of agrochemicals64 may reduce the phloem loading of 
these synthetic conjugates. Data from short time experiments using a fluorescent insecticide 
sugar conjugate indicate that the dye accumulates dramatically in epidermal cells and phloem, 
more specifically in sieve tubes after incubation of Ricinus cotyledons in an incubation 
solution containing N-[3-cyano-1-[2,6-dichloro-4-(trifluoromethyl)phenyl]-4- 
[(trifluoromethyl)sulfinyl]-1H-pyrazol-5-yl]-1-(2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]-2-deoxy-β-D-glucopyranosyl)-1H-1,2,3-triazole-4-methanamine (2-NBDGTF).60 
The fluorescence in the mesophyll cells is moderate and localized mainly at their external 
part. Therefore, there is no clear evidence of an accumulation of 2-NBDGTF in the vacuoles 
under these experimental conditions. However, as the vacuome is the largest compartment of 
mesophyll cells, long-time experiments would be appropriate to specify the capacity of 
vacuoles to take up fipronil conjugates using both tissues and isolated vacuoles. Systemicity 
studies showed that the uptake of glucose-fipronil by cotyledon discs was markedly inhibited 
by carbonyl cyanide 3-chlorophenylhydrazone (CCCP), glucose, and phloridzin, and its 
phloem mobility was inhibited by phloridzin, suggesting that a carrier-mediated mechanism 
was involved in uptake and phloem loading.48 In addition, endogenous ß-glucosidases were 
involved in the hydrolysis of a glucose-fipronil conjugate with an O-glycosidic bond, which 
can achieve the enzymatic release of the active aglycone.65 The enzymatic deglycolysation in 
vitro can be modulated by adjusting the linker length of the conjugate, and the in vivo 
insecticidal bioassy supports that the active aglycones are released from the conjugates after 
root absorption and exhibit the same level of activity as fipronil.66 Several attempts mentioned 
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above suggest that the carrier-mediated propesticide approach of conjugation with a nutrient 
moiety is a feasible approach to confer systemic properties to non-mobile agrochemicals. 
 
5 Challenges of carrier-mediated propesticide strategies 
and perspectives  
Developing carrier-mediated propesticides is still in the initial stage. Because of the 
limited knowledge of the functional and structural characteristics of various plant nutrient 
transporters, searching for specific membrane carriers which can serve as targets for the active 
transport of agrochemicals is quite difficult. It requires considerable knowledge of their tissue 
distribution, expression level, and substrate specificity. Potential transporters for propesticide 
delivery should have a relatively high capacity and broad substrate specificity, which enable 
recognition and transport of a wide range of molecules without marked influence on the 
circulation of phloem sap. Plant carrier systems for sugars, amino acids and oligopeptides are 
considered possible targets for propesticide and other conjugate designs due to their 
expression and functional role in plant tissues. The broad substrate specificity of some of 
them (for example the Arabidopsis thaliana sucrose transporter, AtSUC267, A. thaliana lysine 
histidine transporter, AtLHT168 and Ricinus communis monosaccharide transporter, 
RcSTP169) supports the carrier mediated propesticide strategy.  
This strategy may have the advantage of reducing the risk of pesticide residues exposure 
for a variety of organisms. Current systemic pesticides can be continuously redistributed 
during plant development to new tissues such as flowers, fruits, seeds and tubers, and this can 
lead to the exposure risk for pollinator insects as well as humans despite their low or moderate 
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phloem mobility. This redistribution within plants can be restricted when non-mobile parent 
molecules are selected for linkage with a nutrient. After the conjugate is transported over long 
distances and released the active parent molecules in target tissues, the redistribution of the 
non-mobile parent molecules will be restricted, so that they can be retained in these tissues. In 
this case, the contamination of new growing edible parts will be prevented or minimized. 
Taking into account these possible advantages, the carrier-mediated strategy for 
agrochemicals has been initiated during the last decades. However, up to now an extremely 
small number of research teams work in this domain. Its development involves a succession 
of several steps with many constraints that have probably discouraged researchers: 
(1) synthesis of a conjugate combining a non-systemic agrochemical with a small nutrient 
molecule that can be recognized and handled by plasma membrane carriers involved in 
phloem loading. This implies that the structure of the selected agrochemical compound should 
have possible reaction sites to easily graft a nutrient as well as having an essential functional 
group for substrate recognition and binding by nutrient transporters;.(2) recognition and 
translocation of the synthesized conjugates by carrier systems into the symplasm after 
application; (3) long-distance transport to target sites and unloading in sink tissues of young 
plants; (4) release of non-mobile parent compounds in these tissues and non-significant 
redistribution to newly developed organs used as food for humans, animals or pollinators; (5) 
safety assessment for users and the environment; (6) one point must be borne in mind is that 
for an agronomic application, the cost of the active ingredient should be economically 
acceptable. 
Several conjugates have been successfully synthetized using various pesticides 
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(herbicides, a fungicide and insecticides) and nutrients (amino acids and glucose) (Tables 1 
and 2, Fig. 2). Most of these conjugates exhibited various levels of phloem systemicity in 
Ricinus seedlings, suggesting that they may be specifically recognized by plasma membrane 
carriers (Tables 1 and 2, Fig. 4). Many of these conjugates were still in the first and second 
above-mentioned steps of development. Only a few conjugates have undergone systemicity 
evaluation in intact plants (Table 2) and were able to translocate over long-distances from the 
point of application to release the parent compound (Table 2).9 Furthermore, two conjugates 
accumulated in plants against their concentration gradient,9, 63 which may allow a lower dose 
to achieve the same biological activity. In addition, changes in the spacer arm structure may 
improve systemicity or cleavage of the conjugates (Table 2).55, 70 However these results have 
been obtained from incidental modifications rather than intentional design. Therefore, there is 
another challenge that should be considered in the discovery and development of carrier-
mediated propesticide. Unfortunately, in many cases the addition of nutrient promoieties to a 
parent compound can lead to undesirable reductions of biological activities. This means that 
there must be a biodegradable linker between promoiety and parent compound to facilitate 
bioactivation. The rational design of the spacer arm can affect the stability, selectivity and 
toxicity of propesticides. However, little work has been done in this area to explore a 
degradable spacer group. 
Recent progress in molecular biology has greatly improved our understanding of the 
distribution, physiological function, and specificity of plant transporters. The methods based 
on expression-cloning techniques seem to be powerful tools to study the pesticide-transporter 
interactions. Various technologies to identify and characterize plant transporter functions have 
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been reviewed elsewhere,71 which could also be used to study the carrier-mediated transport 
of agrochemicals. Heterologous expression of the selected transporter in different systems,71 
such as yeast, Xenopus oocytes or cell lines of plant tissues provide effective tools to 
investigate the transporter specificity for existing and new candidate agrochemicals. In 
addition, several well-characterized plant models can be used to conduct in vivo studies of 
carrier-mediated processes of agrochemicals, such as Ricinus seedlings49 and transporter-gene 
knockout mutants of Arabidopsis. 
Computational modeling represents a promising way tool to study the substrate affinity 
of transporters, evaluate the drug-transporter interactions and optimize the transporter-
directed drug design.72 Two major techniques used to develop models have been well 
described,72 including ligand-based methods such as quantitative structure-activity 
relationship (QSAR) modeling and protein-based methods which generate the three-
dimensional structure of transporters. This new in silico approach has been used to investigate 
and predict how small molecules interact with plant transporter proteins. Homology models 
for four nitrate/peptide transporters (NPF) were built to investigate the substrate specificity of 
glucosinolates and cyanogenic glucosides.73 To analyze the binding of phloem-mobile 
coumarin esculin to the AtSUC2 transporter, structural modeling of the AtSUC2-binding 
pocket demonstrated some important structural requirements for recognition and transport of 
coumarin glucosides.67 However, the application of computational modeling is limited by the 
availability of crystal structure of plant transporters. 
Preliminary experiments suggest that this conjugation strategy could be applied usefully 
to molecules involved in plant defense, even if they are mobile in the vascular system. For 
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instance, it has been known for a long time that salicylic acid (SA) is a phloem mobile 
molecule. 74 Its amount increases in the phloem sap in response to biological stresses but 
returned rapidly to initial level due to its ability to form inactive conjugates, notably by 
glycosylation and compartmentation in the vacuole, in addition to transcriptional regulation of 
its synthesis.75, 76 After mature leaf inoculation by a pathogen, SA and glucosylsalicylic acid 
accumulate in the apical part of the shoot but not or marginally in the root system,77 therefore 
exhibiting an allocation pattern different from those of nutrients (sugars and amino acids) and 
amino-acid conjugates of various sizes which move both downward and upward in phloem.9, 
58 In the Ricinus model, the Lys-SA conjugate accumulates in the phloem sap and is 
transported over a long distance as its unchanged form, at least in short time experiments, 
(Fig. 4, compound F). Under the same experimental conditions, the Lys-3,5-dichlorobenzoic 
acid conjugate is translocated in the phloem and exhibits a very weak metabolism to release 
3,5-dichlorobenzoic acid (3,5-DCBA) (Fig. 4, compound G) which is a potent elicitor of plant 
defenses, even at low concentrations.78 This could allow accumulation of this conjugate in 
specific sink organs (including roots) and sink tissues (primary and secondary meristems, 
phloem and xylem parenchyma and other parenchymas which exhibit high metabolism 
activities), followed by a slow release of the mobile 3,5-DBCA. The ideal next step would be 
the induction of the long term protection against pathogens during plant development without 
the risk of phytotoxic effects. Considering (1) the limitation of the use in field of defense 
activators (such as acibenzolar-S-methyl and 2,6-dichloroisonicotinic acid) due to their 
phytotoxic effects when excessive doses are applied;78 (2) the high phloem mobility of Lys-
SA and Lys-3,5-DCBA; (3) the ability of amino-acid conjugates to be translocated both to the 
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root system and the apical part of the shoot, and (4) the very low metabolism of Lys-3,5-
DCBA which may extend its biological activity, this topic needs further development.  
 
6 Conclusions 
As mentioned above, several carrier-mediated conjugates have been successfully 
designed, which show interesting transport properties in plants. Similar to the carriers 
involved in prodrug uptake in animal and human organs, it is fascinating that plant plasma 
membrane transporters can translocate halogenated conjugates with a glucose or an α-amino 
acid functional group that are dramatically larger (up to about 650 Da and even about 850 Da 
if fluorescent conjugates are taken into consideration) than the natural nutrients. This property 
offers wide development prospects. However, the question about which specific membrane 
transporters can be ideal targets for carrier-mediated strategy is still difficult to answer at the 
present time. To achieve the rational propesticide design targeting specific membrane 
transporters, additional efforts are required to improve our understanding of the carrier 
proteins, including expression, substrate specificity, and the mechanism of substrate 
recognition and translocation. The impact of plant transporters on other aspects of 
agrochemical absorption, distribution, metabolism and compartmentation which may 
influence resistance and environmental behavior, needs future investigations. The carrier-
mediated propesticide strategy provides a promising way for vectorizing agrochemicals and 
various molecules involved in plant defenses by taking advantage of plant membrane 
transporters, which may result in higher bioavailability, greater efficacy (pesticides) or 
durable benefit (defense molecules) and lower non-target toxicity. The development of this 
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innovative strategy presents many challenges, but opens up a wide range of exciting 
perspectives for the discovery of new products for a more sustainable plant protection. 
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Table 1  Structure and physicochemical properties of carboxylic acid derivatives (A-D phenoxyacetic acids ; E 
phenoxybutyric acid ; F salicylic acid ; G 3,5-dichlorobenzoic acid) coupled with L-lysine. All properties were 
computed using ACD Log D Sol Suite v.14.02 software. 
 
 
Acidic parent 
compounds 
Chemical structure of conjugates Product X Y n MW 
Log D 
pH 5.0 
Ionic state 
 pH 5.0 
(%) 
Phenoxyacetic acid 
 
A H H 1 280.32 0.46 100 ; Zwitterion 
4-Chlorophenoxyacetic 
acid 
B Cl H 1 314.76 0.98 100 ; Zwitterion 
2,4-Dichlorophenoxy- 
acetic acid 
C Cl Cl 1 349.21 1.48 100 ; Zwitterion 
4-Aminophenoxy- 
acetic acid 
D NH2 H 1 295.33 -0.83 
37; Zwitterion, 
X=NH2 
63 ; Zwitterion, 
X=NH3+ 
2,4-Dichlorophenoxy- 
butyric acid 
E Cl Cl 3 377.26 1.87 100 ; Zwitterion 
   X1 Y1 Z    
Salicylic acid 
H
N
O
COOH
NH2X1
Y1
Z
 
F OH H H 266.29 0.64 100 ; Zwitterion 
3,5-Dichlorobenzoic  
acid 
G H Cl Cl 319.18 1.84 100 ; Zwitterion 
O
H
N
O
COOH
NH2
YX
n
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Table 2 Main endogenous moiety-pesticide conjugates tested for phloem systemicity. MW: molecular weight; Concentration 
factor (CF) = Concentration in phloem sap / Concentration in the incubation solution; NS : not studied; * enzymatic hydrolysis 
by ß-glucosidase in vitro and in vivo; ☨ release the parent compound in adult Ricinus 
Agrochemical Amino acid or sugar 
R  
(spacer arm + amino acid or 
sugar) 
MW CF in Ricinus phloem sap 
Long 
distance 
transport 
in intact 
plant 
Release of 
the parent 
compound 
Ref. 
Fenpiclonil,  
R = H (Fenp) 
 
 
 
 
 
D-Glucose  
 
551.38 CF 5h = 0.005 NS No 54 
L-Lysine  
 
437.32 CF 5h = 0.20 NS No 55 
L-2-Amino-
butanoic acid  
 
490.34 CF 5h = 0.26 NS No 55 
L-2-Amino-
hexanoic acid  
 
518.40 CF 5h = 0.21 NS No 55 
L- or D-
Glutamine  
561.42 
CF 5h = 0.12 
(L- derivative) 
CF 5h = 0.012 
(D- derivative) 
NS No 54, 55 
Fipronil,  
R = H (Fipr) 
 
 
 
 
 
 
D-Glucose 
 
643.34 CF 2h = 0.23 NS Yes*  59, 65 
D-Glucose 
 
680.36 CF
a 2h = 0.21,  
CF 5h = 0.4 
Yes, Adult 
Ricinus 
plant 
Yes  48 
D-Glucose 
 
724.42 NS NS Yes* 65 
L-Rhamnose 
 
627.34 CF 2h = 0.27 NS NS 59 
Glycine 
 
494.20 NS Yes, soybean NS 
58 
Glycine 
 
538.21 CF 5h = 0.1 NS NS 62 
L-Glutamine  
 
566.26 CF 5h = 0.76 NS NS 68 
Chlorfenapyr,  
R = C2H5 (Chlorf) 
 
 
D-Glucose 
 
622.78 CF 3h = 0.0125 NS NS 70 
Glucuronic 
acid 
 
650.79 CF 3h = 0.25 
Yes, 
Brassica 
oleracea 
No 70 
Chlorantraniliprole 
R = -NH-CH3 (Chlora) 
 
Alanine 
 
569.24 CF 5h = 3.13 NS NS 63 
 
N
NC
Cl
Cl
R
Fenp
O
H
N N
NN O
OH
OHHO
OH
Fenp
O
H
N NH2
COOH
Fenp
O
H
N N
NN NH2
COOH
Fenp
O
H
N N
NN NH2
COOH
Fenp
O
H
N N
NN
N
H
NH2
COOH
O
N
CF3
ClCl
N
NC SOCF3
N
H
R
Fipr
O
O
OH
OHHO
OH
N
N N
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O
OH
OH
HO
OH
N
N N
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O
OH
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O
OH
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O
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COOH
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Figure 1. Illustration of different possible pathways involved in the uptake of xenobiotics by the phloem 
tissue (apoplastic loading) (adapted from Delétage-Grandon et al, 2001)
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Figure 2. A representative illustration of the prodrug concept that has been also used 
for agrochemicals. (adapted from Rautio et al, 2008)17
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Figure 3. Selective inhibition of amino acid uptake by two agrochemical-amino acid conju-
gates. Autoradiographs showing the effect of L-E6 and L-E3 conjugates on 1 mM [U-14C] 
L-threonine uptake (A, B, C) or on 1 mM [U-14C] sucrose uptake (D, E, F) by broad-bean leaf 
tissues. B and E : 2.5 mM L-E6 ; C and F : 2 mM L-E3. The radioactivity appears in white. 
Tissues are shown at 7 X magnification. (from Dufaud et al, 1994)52
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Figure 4. Phloem exudation of various agrochemical-amino acid conjugates and their 
respective parent compound using the Ricinus model. Concentration factors of Lys-phe-
noxyacetic acid (A), Lys-4-chlorophenoxyacetic acid (B), Lys-2,4-dichlorophenoxyacetic 
acid (C), Lys-4-aminophenoxyacetic acid (D), Lys-2,4-dichlorophenoxybutyric acid (E), 
Lys-salicylic acid (F) and Lys-3,5-dichlorobenzoic acid (G) (dark grey bars) and their 
respective parent compound (light grey stacked bars) in the Ricinus phloem sap. The 
conjugates were added to the incubation medium of cotyledons at 0.1 mM except for D 
which was used at 0.5 mM, final concentration, pH 5.0. The sap was collected from 
hypocotyl during the third and the fourth hours of cotyledon incubation.  The concentra-
tion factor was defined as the ratio of the concentration of product in phloem sap / the 
initial concentration in incubation medium.  Medians ± IQR, 8 ≤ n ≤ 12. (Rocher et al., 
2004)53.
